Abstract: Nanolayered polymer membranes, which have biomimicking layered structures, have been developed in recent years. The unique microstructures allow the membranes to have many potential applications. To facilitate the application of the membranes, the understandings of mechanical properties of the pristine and aged membranes are needed for the short and long-term applications. The current study focuses on the study of the relationship between the microstructure of the membrane and the mechanical properties including stiffness, strength, and ductility. The effect of the microstructure on the long-term application has been evaluated by thermal aging. The nanolayered polymer membranes have been subjected to thermal aging at various temperatures for different time frames. It has been found that the microstructure parameters, such as layer thickness, have great effect on the mechanical properties and thermal aging resistance. The thinner the layer of the membrane is, the better the strength and thermal aging resistance are.
Introduction
Many natural biological systems have layered microstructures. For example, the lens of the human eye is made up of roughly 22,000 very fine layers. Such a laminar structure, forming discontinuous tiny segments of rays, can offer better optical properties than manmade lenses [1] . The turtle shell, composed of layered structure, has a Yong's modulus of approximately 20 GPa [2] . To learn from the biology systems, multilayered polymers have been developed by coextrusion process of polymeric systems [3] , which was developed by the Dow Chemical Company in the 1970s firstly [4] [5] [6] [7] [8] . The mechanism of coextrusion is that two polymer components are stacked and fed into multiplying system and finally form a layered membrane. With the development of the coextrusion techniques, polymer membranes have been developed with layers in nano scale, which have a truly biomimetic nature [9, 10] . The unique microstructures allow the membranes many potential applications. To facilitate the application of the membranes, the understandings of mechanical properties of the pristine and aged membranes are needed for the short and long-term applications. The current study focuses on the study of the relationship between the microstructure of the membrane and the mechanical properties including stiffness, strength, and ductility. The effect of the microstructure on the long-term application has been evaluated by thermal aging. The nanolayered polymer membranes have been subjected to thermal aging at various temperatures for different time frames. It has been found that the microstructure parameters, such as layer thickness, have great effect on the mechanical properties and thermal aging resistance.
Experimental Materials and Methods
The composition of polymer membranes in the current study is 50 vol % poly(methyl methacrylate) (PMMA) and 50 vol % polycarbonate (PC). The thickness of the membranes is 5 μm with layer thickness ranging from 31 to 1984 nm. The effect of the layer thickness on the mechanical properties and resistance to thermal aging has been studied. Static tension tests have been carried out on the samples according to the ASTM D882. Based on the tensile stress-strain curves, the modulus of elasticity, tensile strength, and the fracture strain were obtained for comparison. Samples are approximately 6 in (152 mm) long and 0.2 in (5 mm) wide, with the gauge length of 4 in (102 mm). The modulus of elasticity, tensile strength and fracture strain of membranes were studied at aging time up to 6 weeks (42 days) at 100 °C and 125 °C aging temperatures. About 10 samples for each type of membrane and for each aging time were used for the test.
Results and Discussion

Layer Thickness
The average results of the modulus of elasticity for the pristine membranes and membranes aged at 100 °C for 42 days are listed in Table 1 . The effect of the layer thickness can be seen from the table.
As the layer thickness decreased to the level of 124 and 31 nm, compared to the layer thicknesses of 496 nm and 1984 nm, the modulus of elasticity increased by approximately 1.5 times. This difference can be explained from the view of microstructure. PC and PMMA are thermal plastic polymers with semicrystalline structures. As the two materials are coextruded together, the border between the layers imposes confinement to the layer and therefore the molecular chains in the layer are more aligned, which increases the Von der Waals force between the chains. The higher alignment of the molecular chains also plays a role in the thermal aging resistance. After 42 days aging, the modulus increases with the aging time to reach about 56.5% and 65.6% increase for layer thicknesses of 496 nm and 1984 nm, but decreases for the membranes with 31 nm and 124 nm layer thickness by 26.3% and 2.6%, respectively. It can be concluded that the property is relatively stable for the membranes with thinner layer thickness. The average tensile strength for the pristine membranes and membranes aged at 100 °C for 42 days are listed in Table 2 . The trend of strength does not change significantly with layer thickness and aging time for all the membranes. This may be due to the fact the as the membrane is subject to tension, the molecular chains get straightened before finally break. The strength will be dependent on the strength of the covalent bones in the molecular chains, which is not affected by the initial alignment of the chains in the pristine material at this temperature (100 °C). The average fracture strain for the pristine membranes and membranes aged at 100 °C for 42 days are listed in Table 3 . The trend of ductility decreases with aging time for all of the membranes no matter what the layer thickness is. The ductility was measured by the amount of strain that the material could sustain before it fractures. The thermal aging conditions might destroy the covalent bonds in the molecular chains of the polymers. 
Aging Temperature
The effect of temperature on modulus of elasticity was studied for the membrane with 31 nm thick layer at temperatures of 100 °C and 115 °C for up to 4 weeks aging. To observe the trend, all of the data were normalized by the pristine material properties. The moduli of elasticity of the aging are shown in Table 4 , from which it can be observed that the trend for the stiffness increase for the membrane at 100 °C, but relatively stable at 115 °C. This can be explained that at 100 °C, the membranes have been annealed and the percentage of crystallinity might increase over aging and therefore the modulus of elasticity increased. At 115 °C, the relatively high temperature thermal aging condition destroys the covalent bonds in the molecular chains of the polymers which compromises the effect of the annealing. The tensile strength of the aging are shown in Table 5 , from which it can be observed that the trend of the tensile strength with aging time is similar to that of the modulus of elasticity. The tensile strength increases for the membranes at 100 °C with aging time, but decreases at 115 °C with aging time. This can be owing to at 100 °C, the percentage of crystallinity is increased over aging time, but at 115 °C, the relatively high temperature thermal aging condition destroys the covalent bonds in the molecular chains of the polymers. The fracture strains for both the aging temperatures are shown in Table 6 . As all of the membranes lost ductility during aging, the higher the temperature and the longer the aging time, the more brittle the membranes become, which indicated the greater degradation of chemical bonds in the molecular chains. It can be observed that at 115 °C, the membranes only keep about 5%-6% of the original ductility after 14 days aging. 
Conclusions
In this paper, the relationship between the microstructure of the membrane and the mechanical properties has been studied. The effect of the microstructure on the long-term application has been evaluated by thermal aging. It has been found that as the layer thickness reduces to 124 and 31 nm, the modulus of elasticity increased and the trend is relatively stable for the membranes with thinner layer thickness. The tensile strength for the pristine membrane and membrane aged at 100 °C for 42 days does not change with layer thickness and aging time significantly. As for the temperature effect, the trend for the stiffness and strength increase for the membrane at 100 °C, but relatively stable or decrease at 115 °C. This can be explained that at 100 °C, the membranes have been annealed and the percentage of crystallinity increased over aging time and therefore the modulus of elasticity increased. At 115 °C, the relatively high temperature thermal aging conditions destroy the covalent bonds in the molecular chains of the polymers which compromise the effect of the annealing. All of the membranes lost ductility during aging, the higher the temperature and the longer the aging time, the more brittle the membranes become over aging. At 115 °C, the membranes only keep about 5%-6% of the original ductility.
